Transcription factors (TFs) often work cooperatively, where the binding of one TF to DNA enhances the 2 binding affinity of a second TF to a nearby location. Such cooperative binding is important for activating gene 3 expression from promoters and enhancers in both prokaryotic and eukaryotic cells. Existing methods to detect 4 cooperative binding of a TF pair rely on analyzing the sequence that is bound. We propose a method that uses, 5 instead, only ChIP-qeq peak intensities and an expectation maximization (CPI-EM) algorithm. We validate our 6 method using ChIP-seq data from cells where one of a pair of TFs under consideration has been genetically knocked 7 out. Our algorithm relies on our observation that cooperative TF-TF binding is correlated with weak binding 8 of one of the TFs, which we demonstrate in a variety of cell types, including E. coli, S. cerevisiae, M. musculus, 9 as well as human cancer and stem cell lines. We show that this method performs significantly better than a 10 predictor based only on the ChIP-seq peak distance of the TFs under consideration. This suggests that peak 11 intensities contain information that can help detect the cooperative binding of a TF pair. The incorporation of 12 peak intensities into existing sequence-based methods would allow them to detect new sequences capable of being 13 cooperatively bound by TFs. The CPI-EM algorithm is available at https://github.com/vishakad/cpi-em.
-C summarize trends in cooperative and non-cooperative TF-DNA binding seen in these datasets. 135 Cooperatively and non-cooperatively bound locations were determined using ChIP-seq data from genetic knockouts 136 as discussed in Methods. Cooperatively bound primary TF peak intensities were significantly lower than those of 137 non-cooperatively bound primary TF peaks across each of the TF-TF pairs (Wilcoxon rank-sum test, p 0.001).
138
In contrast, there was no consistent trend in the intensities of the partner TF in each of these pairs. This meant 139 that a primary TF could be cooperatively bound to DNA irrespective of the peak intensity of the partner TF. In 140 Figure 2B , estimates of the marginal distributions of cooperative and non-cooperative FOXA1 and HNF4A peaks are 141 shown. These, and similar distributions for the other TF pairs, tended to be better approximated by a Lognormal 142 distribution, which was evident from the higher log-likelihood value associated with a Lognormal fit, compared to a 143 Gaussian or Gamma distribution ( Supplementary Table 2 ).
144
Since the primary TF intensity distributions from cooperatively bound regions significantly differed from those of 145 non-cooperatively bound regions, it should be possible to accurately label a pair of overlapping peaks as cooperative 146 or non-cooperative, based solely on their peak intensities. For instance, in the FOXA1-HNF4A dataset, a FOXA1 147 peak that has an intensity value of 5 is ≈3.4 times more likely to be cooperatively bound with HNF4A than to 148 be non-cooperatively bound with it. In clear-cut cases such as these, knowledge of the underlying sequence that is 149 bound is not necessary to detect a cooperative interaction. , . . . , p coop N ), which are computed by CPI-EM, for all peak intensity pairs from each of the three datasets.
158
The height of each bar is the fraction of peak intensity pairs in each probability bin that are actually cooperatively The distribution of cooperative pairs into each of these bins determines the number of errors made when all peak pairs with p coop > α are declared as cooperatively bound. The false positive rate (FPR) of the CPI-EM algorithm is the fraction of non-cooperatively bound regions erroneously declared as cooperatively bound, while the true positive rate (TPR) is the fraction of cooperatively bound regions that are detected. Both these quantities are functions of α, and are estimated as Figure 1 : A schematic of the use of the CPI-EM algorithm and ChIP-seq from knockout data to separately identify cooperative bound transcription factor pairs. ChIP-seq experiments carried out on two TFs, X and Y, yield a list of locations that are bound by both TFs, along with peak intensities at each location. From this data, there are two ways in which we find genomic locations that are cooperatively bound by X and Y. (A) A method for inferring these locations from a ChIP-seq of X carried out after Y is genetically deleted. Locations where a peak of X either disappears altogether, or is reduced in intensity after knocking out Y are labelled as cooperatively bound. In contrast, locations where a peak of X either remains unchanged or increases in intensity are labelled as non-cooperatively bound (see section "Using ChIP-seq data from a genetic knockout to infer cooperative binding" in Methods). (B) Steps in predicting cooperatively bound locations are shown, where the numbers correspond to those in the section "The ChIP-seq Peak Intensity -Expectation Maximisation (CPI-EM) algorithm" in Methods. (1) The input to CPI-EM consists of a list of genomic locations where a peak of X overlaps a peak of Y by at least a single base pair.
(2) Each of these overlapping intensity pairs is fit to a model that consists of a sum of two probability functions. These functions specify the probabilities of observing a particular peak intensity pair given that it comes from a cooperatively or non-cooperatively bound region. These probabilities are computed by fitting the model to the input data using the expectation-maximization algorithm (see Supplementary Section 4.1). (3) Bayes' formula is applied to the probabilities computed in step (2) to find the probability of each peak intensity pair being cooperatively bound. (4) Each cooperative binding probability computed in step (3) that is greater than a threshold α is declared as cooperatively bound. We compare this list of predicted locations with the list of cooperatively bound locations inferred from knockout data in order to compute the number of correct and incorrect inferences made by CPI-EM. (B) ChIP-seq peak intensity distributions can be approximated by a Lognormal distribution. Marginal peak intensity distributions of FOXA1 and HNF4A peaks (in filled black and orange circles), with fitted Lognormal distributions (solid black and orange lines), along side a scatter plot of (FOXA1,HNF4A) peak intensity pairs from cooperatively and non-cooperatively bound regions. The scatter points are colored according to the density of points in that region, with darker shades indicating a higher density. The density of points in the scatter were computed using the Gaussian kernel density estimation procedure in the Python Scipy library. Top row: The fraction of cooperatively bound pairs, as determined from knockout data, that fall into each cooperative binding probability bin. T he bins are equally spaced with a width of 0.1 and the heights of the bars within each histogram add up to 1. Bottom row: Receiver operating characteristic (ROC) curves that evaluate the performance of CPI-EM in detecting cooperatively bound pairs. The curve is generated by calculating, for each value of α between 0 and 1, the true and false positive rate of the algorithm. The true positive rate (T P R(α)) is the ratio of the number of cooperatively bound regions detected to the total number of cooperatively bound regions at that value of α. The false positive rate (F P R(α)) is the ratio of the number of non-cooperatively bound regions mistakenly detected as cooperatively bound to the total number of non-cooperatively bound regions at that value of α. Small values of α give a higher TPR, but at the cost of a higher FPR. The area under the ROC (auROC) is a measure of detection performance, whose value cannot exceed 1, which corresponds to a perfect detector. Given the auROC of two different algorithms, the one with a higher auROC is better, on average, at detecting cooperative binding. more weakly bound than regions bound by ERα in both T-47D and ECC-1 cells. The same trend in peak intensities holds between regions bound by CDX2 only in differentiated Caco-2 cells and those bound by CDX2 in both differentiated and proliferating Caco-2 cells. However, cell-type specific binding in these cell types is also determined by factors other than cooperativity. Distributions of cooperatively and non-cooperatively bound regions are shown in orange and gray, respectively. The whiskers of the box plot are the 5 − th and 95 − th percentiles of the distributions shown. (B) The Lognormal CPI-EM variant consistently detects cell-type specific binding events of ERα and CDX2. ROC curves of Lognormal (orange), Gamma (black) and Gaussian (gray) variants of CPI-EM, and the peak distance detector (blue), on ERα-FOXA1 and CDX2-HNF4A datasets.The area under the ROC of each detector is indicated in the legend. The peak distance detector was not run on ERα-FOXA1 data since peak locations were not available in the peak calls. The ROC was generated using the same procedure as in Figure 4 .
